Abstract-In this paper an analysis on the suitability of employing a colorimetric analysis of the acquired plasma spectra to perform online arc-welding quality monitoring will be discussed. Different colorimetric parameters like the color temperature will be evaluated in comparison to the standard approach based on the estimation of the plasma electronic temperature. In particular, experimental tests performed with a TIG arc-welding process will show that some colorimetric parameters exhibit a better response in terms of detection and correlation to some defects than the traditional spectroscopic approach.
INTRODUCTION
Welding processes are a key technology in a wide range of industrial applications, what has given rise to an increasing interest in the development of efficient and reliable on-line monitoring systems during the last years. There are a wide range of different approaches that go from machine vision [1] to infrared thermography [2] , or electrical [3] or acoustic monitoring [4] . However, one of the most promising solutions lies in the employment of plasma optical spectroscopy, which allows a robust analysis by capturing and processing the plasma spectra associated with the seam under analysis. As the welding plasma spectra will exhibit emission lines from the shielding gases as well as from those elements contributing in the composition of the plates to be welded, the spectroscopic analysis can be rather complex. Some works based on correlation analysis [5] , the employment of feature selection techniques to reduce the dimensionality of the acquired data [6] or artificial intelligent solutions like hierarchical temporal memories have been proposed [7] .
However the most common approach in this regard is based on the estimation of the plasma electronic temperature T e , as this spectroscopic parameter is known to exhibit a good correlation with the quality of the resulting seams [8] . However, as the method to obtain T e commonly only relies in the use of a single plasma species, the sensitivity of this parameter to different welding flaws may vary, thus compromising the system performance [8] . Within this framework, we propose the use of a colorimetric approach to carry out the welding diagnostics. Although a few works have dealt with solutions based on colorimetry [9] , none of them has offered a detailed comparison between the results derived from both T e and the colorimetric parameters for different welding perturbations.
II. PLASMA OPTICAL SPECTROSCOPY AND COLORIMETRIC APPROACH FOR WELDING DIAGNOSTICS

A. Plasma Optical Spectroscopy
When plasma optical spectroscopy is used for welding diagnostics and T e is chosen as the output parameter, it is typical to employ a simplified expression for its estimation, where only two emission lines for the same species (same element in the same ionization stage) are involved: ,
where E m is the upper level energy of state m, k the Boltzmann constant, I the emission line intensity, A the transition probability, g the statistical weight and λ the wavelength for the emission lines 1 and 2.
A more accurate estimation of the plasma temperature can be obtained via the Boltzmann plot method, which can be derived from the Boltzmann equation and the expression relating the intensity of a given emission line to the population density of the upper level. In this case, several emission lines should be used in the following expression:
where h is the Planck constant, c the light velocity, N the population density (of state m) and Z the partition function. To obtain T e with this method it is necessary to represent the left hand-side of Eq. (2) versus E m , and then apply a linear regression to the points in the plot derived from the different lines.
B. Colorimetric analysis via color temperature and the HSL color space
The vision process in human beings is defined by two different photoreceptors: cones and rods. The former are those responsible for color vision, and are divided into three types: S, M and L cones (for short, medium and long (wavelengths), associated with the detection of wavelengths with peaks at approximately 420 to 440, 534 to 545 and 564 to 580 nm). To perform a colorimetric analysis it is necessary to previously define the curves associated with the spectral sensitivity of these three detectors, i.e. a color space. A color space can be 978-1-4799-0162-3/14/$31.00 ©2014 IEEE defined as a completely specified scheme for describing the color of light, typically involving three numerical values or coordinates [10] , thus matching the three types of cones previously described. Among the different color spaces available, the CIE (International Commission of Illumination) XYZ color space has been widely employed in scientific studies and other color spaces, like RGB or HSL are typically referred to it.
The values of XYZ, also called the tristimulus values, can be obtained by using the following expressions:
In Eq. (3) , and are the numerical response of the chromatic response of a standard observer and P(λ) is the spectral power distribution for the color under analysis. In this study the CIE 1931 Standard Observer, defined to represent an average human chromatic response within a 2º arc inside the fovea, has been used [11] . Once the values of XYZ have been obtained, it is possible to derive the values of the coordinates associated with other color spaces, like RGB. This conversion only requires the employment of nine constants that were established by CIE [12] . Finally, the HSL (Hue, Saturation, Luminance (Luminosity or brightness)) parameters can be obtained from the RGB components. It is worth mentioning that different HSL spaces have been proposed [13] , but in this work the following implementation has been used: In the previous equations MAX = max (R,G,B) and MIN = min (R,G,B) . Finally, the color temperature has also been considered as a suitable monitoring parameter in this work. For a given light source its color temperature can be defined as the temperature associated with a blackbody (Planckian radiator) that emits radiation of the same chromaticity [14] . Its estimation has been performed in this paper using the Robertson's method [14] , where two chromaticity coordinates are employed and an interpolation is performed using the two closest isotemperature lines derived from a look-up table.
III. EXPERIMENTAL ISSUES
Several arc-welding tests with the welding setup described in [3] were performed to evaluate the performance of the proposed colorimetric analysis in terms of welding diagnostics. Regarding the optical setup, two different spectrometers were mainly involved in the acquisition of the plasma optical spectra: an Ocean Optics STS (spectral range: 350-800nm, optical resolution: 1.2nm) and the BWTek Econic (spectral range: 197-968nm, optical resolution: 0.3nm). An Ocean Optics USB2000 was also considered, but its spectral range: 193-533 nm, makes it unsuitable for the colorimetric studies. Two optical fibers of core diameters 600 and 200 µm were also used to collect the plasma radiation during the welding process. It is worth noting that the colorimetric analysis requires a calibration of the spectrometer response (amplitude). This was performed using a calibration lamp (Ocean Optics DH-2000-CAL) with a known irradiance spectrum.
One of the key points in this study lies in the analysis of the response of the spectroscopic and colorimetric monitoring parameters to different welding perturbations like variations in the welding current, protection gas flow rate, cut-off distance and so on. Fig. 1 (a) depicts a welding seam (bead-on-plate), where two perturbations have been provoked: a variation in the cut-off distance (separation between the tip of the electrode and the plate surface) of 1 mm and a shortage in the protection gas (Ar) flow. Both T e profiles derived from the employment of the Boltzmann plot and the simplified methods (Eq. (1) and (2)) with Ar II lines have been depicted in Fig. 1 (b) . The former (black dashed line) and the latter (red line) clearly indicate the perturbation associated with the variation of the cut-off distance performed between t ≈ 2.5 and t ≈ 3 s. However, these profiles do not allow to detect the perturbation associated with the protection gas flow cut, performed at t ≈ 7.5 s. The green thick line on Fig. 1 (b) depicts the color temperature profile that in this case shows a dip associated with the first perturbation, but also a clear indication of the gas flow cut with significant variations in terms of the temperature mean value. The seam shown in Fig. 2 was performed with constant input parameters with the exception of the welding current. Its nominal value was established on 60 A, but changes to 65 (from t = 25 to t =35 s), 70 (from t = 45 to t =55 s) and 75 A (from t = 75 to t =85 s) were performed during the test. The T e profile, calculated via the Boltzmann-plot method (blue line), does not show any clear perturbation correlated to the welding current changes. However, these three changes can be detected on the color temperature profile that also exhibits a decaying slope at the beginning of the process, probably due to the inherent instability associated with the start of the arc-welding process. To complete the colorimetric analysis of the welding test already presented in Fig. 2 , the three parameters of the HSL color space have been also calculated and depicted in Fig.  3 . While the luminance (green line) exhibits a profile with a rather low sensitivity to the process perturbations, both hue (blue line) and saturation (black line) allow a detection of the three events, especially the two final current changes. It is worth noting that the saturation profile is almost identical to the associated color temperature, and that the hue profile shows an inverse response to the mentioned events. While the previous discussed results are derived from the employment of the BWTek spectrometer, Fig. 4 depicts a comparison in the performance of the two spectrometers already detailed at the beginning of this section. In this case the HSL parameters have been depicted for spectrometer #1 (BWTek Econic, black line) and #2 (Ocean Optics STS, red dashed line). The results of the provoked perturbations can be appreciated in Fig. 4(a) , where the discontinuities in the seam are clearly observed. The analysis of the associated profiles allows to identify these possible weld flaws, especially the cutoff distance variation in Fig. 4(b) and (d) (hue and saturation, respectively) and the second gas cut using the three parameters. In terms of quality monitoring, the luminance exhibits a good profile, less noisy and with a clear detection of the three events, especially for spectrometer #1. One of the reasons to explain the differences between the profiles obtained for both spectrometers can be found in their different amplitude response, used to correct the acquired plasma spectra. 
IV. CONCLUSIONS
A detailed analysis of the suitability of using a colorimetric approach for online welding diagnostics has been discussed in this paper. In particular, the response of the color temperature and the parameters of the HSL color space (Hue, Saturation and Luminance) have been analyzed for different welding perturbations in arc-welding experiments. By modifying the cut-off distance, the welding current or the gas flow rate, the associated colorimetric profiles have been studied and compared to the traditional spectroscopic approach based on the estimation of the plasma electronic temperature, in this case via the Boltzmann-plot method and the simplified equation involving only two emission lines from the same species. After this initial approach it has been demonstrated that the color temperature may offer an improved performance over the traditional spectroscopic approach in terms of welding monitoring, for example to allow the detection of welding current variations. Further experiments with an extended defectology and in various welding frameworks will be considered to thoroughly understand the different behaviors of the monitoring parameters under analysis.
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